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Abstract
The data on investigation of inelastic interactions of 16O nuclei with a
proton at 3.25 A GeV/c momentum by the bubble chamber method are
presented. The separate characteristics as fragments isotopic composition and as
topo-logical cross sections of fragmentation channels are given. The processes
of light fragments formation and breakup of 16O nucleus on multicharge
fragments have been investigated. The comparison of experimental data with
the calculations by statistical multifragmentation model was conducted.
,QWURGXFWLRQ
7KH IUDJPHQWDWLRQ RI H[FLWHG DWRPLF QXFOHL IRUPHG LQ KDGURQ DQG
KDGURQQXFOHDU LQWHUDFWLRQV LV WKHRQHRI WKH IXQGDPHQWDO SUREOHPV LQQX
FOHDUSK\VLFVThe experimental data show that, at energies about some Gev
per nucleon it gives a principal contribution to multiplicity of the secondary
particles [1,2]. A number of experimental and theoretical works have been de-
voted to the investigation of this phenomenon. But there is no full comprehen-
sion of this phenomenon now, and the existing model calculations are able to
depict only some details of that [3-5]. It makes the further investigations and
collecting of experimental data with identification of all secondary particles
and nuclei with a possibility of study of fragments yield correlation in this field
to be important. These correlations, being sensitive to fragmentation processes
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2mechanisms, may be a critical test for checking of different model approxima-
tions.
The new experimental results on fragmentation of oxygen nucleus in
interactions with a proton at 3.25 A GeV/c momentum are presented. These
data can be usefull in solution of astrophysical problems, because in interstar
space, consisting basicly of hydrogen atoms; cosmic ray composition is defined
mostly by nuclei fragmentation prosecces in interactions with hydrogen.
The experimental results were systematically compared with the predic-
tions of SMM (statistical multifragmentation model) designed for the statistical
modeling of the nucleus breakup in interactions with proton [6]. The fermi-
breakup of the residual excited nucleus after in-nuclear cascade is the main
mechanism of fragments formation at SMM calculations [7]. The contribution
of the 5He, 5Li, 8Be and 9B unstable nuclei decays to the final state was also
taken into account in model. For the aims of SMM calculations more than
22000 events were modeled in this paper.
7KHPHWKRGRIWKHH[SHULPHQW
7KH PHWHU K\GURJHQ EXEEOH FKDPEHU RI -,15 'XEQD 5XVVLD
LQVWDOOHG LQ WKH PDJQHWLF ILHOG ZDV XVHG E\ XV LQ WKLV H[SHULPHQW 7KH
FKDPEHUZDV H[SRVHGZLWK WKH R[\JHQ 2 QXFOHL EHDPV DW WKH $
*H9FPRPHQWXP7KHKRPRJHQHLW\RI WKH WDUJHW DQG WKH ORZGHQVLW\RI
WKHZRUNLQJ OLTXLG DOORZHGXV WR LGHQWLI\ZLWK KLJK FRQILGHQFH DOO RI WKH
VHFRQGDU\ SDUWLFOHV DQG IUDJPHQWV FKDUJHV DQG WR PHDVXUH ZLWK KLJK
SUHFLVLRQWKHLUPRPHQWD7KHVSDFHUHFRQVWUXFWLRQDQGNLQHPDWLFDODQDO\VLV
RIPHDVXUHGHYHQWVZHUHEHLQJFRQGXFWHGZLWKXVHRIDGDSWHGOLEUDU\SUR
JUDPPHV&(51+,'5$[8]. The methodical questions connected with treat-
ment of film information and identification of secondary particles and nuclei
are shown in papers  [9-11]. For an analysis 11000 events were selected.
7KHPHDQUHODWLYHHUURUVLQWKHPHDVXUHPHQWVRIWKHVXUHO\LGHQWLILHG
SURWRQV PDLQO\ WKH UHFRLO SURWRQV PRPHQWD DQG WKRVH RI pi± PHVRQV
3ZLWKRXWDQ\UHVWULFWLRQVRQWKHWUDFNVOHQJWKVSURYHGWREH∆33! ±
DQG∆33! ±UHVSHFWLYHO\
7KH IHDWXUHV RI WKH VHFRQGDU\ SDUWLFOHV IRUPHG LQ WKH 2S
LQWHUDFWLRQVZHUHREWDLQHGDWWKHLUOHQJWKV/>FPLQWKHZRUNLQJYROXPH
RI WKH FKDPEHU 7KH FRUUHFWLRQV FRQQHFWHG ZLWK ORVVHV FDXVHG E\ WKH
VHFRQGDU\ LQWHUDFWLRQV DW WKH OHQJWK XS WR  FP ZHUH LQFOXGHG DW WKH
SK\VLFDODQDO\VLVRIWKHGDWD,QVXFKDVHOHFWLRQWKHPHDQUHODWLYHHUURUDW
WKHGHVLJQDWLRQRI WKHPRPHQWDGLGQRWH[FHHGRI LQ DOO YDOXHVRI
FKDUJHV7KHDEVROXWHHUURUVDWWKHPHDVXUHPHQWVRIWKHD]LPXWKDODQJOHLQ
WKH;2<SODQHSURYHGWREH∆β! ±PUDGDQG∆α! ±
PUDGIRUWKHGHSWKDQJOH
,QVXFKHUURUVYDOXHRIPRPHQWXPPHDVXUHPHQWIUDJPHQWVZLWKzf≤4
are well separated by mass. 
7KHIXOOFURVVVHFWLRQRI16Hj interactions at :GeVk proved to
be (395±10) mb, herewith (334±6) mb accounted for inelastic channels.
7KH LVRWRSLF FRPSRVLWLRQ RI WKH VHFRQGDU\ IUDJPHQWV DQG WKH
WRSRORJLFDOFURVVVHFWLRQVRIWKHIUDJPHQWDWLRQFKDQQHOV
,QWKLVFKDSWHUWKHGDWDRQWKHLVRWRSLFFRPSRVLWLRQRIWKHVHFRQGDU\
SDUWLFOHVIRUPHGLQWKHR[\JHQQXFOHXVIUDJPHQWDWLRQSURFHVVHVLQWKH2S
LQWHUDFWLRQVDWWKH$*H9FPRPHQWXPDUHSUHVHQWHG7KHSDUWRIWKH
IUDJPHQWVZLWKWKH=I FKDUJHZDVEHLQJGHILQHGE\ WKHDQDO\VLVRIGLVWUL
EXWLRQVRQ WKH;  S YDULDEOHZKHUH SZDV WKH IUDJPHQWPRPHQWXP LQ
ODERUDWRU\IUDPH+HUHZLWKWKHIUDJPHQWVZLWKDPHDVXUHGOHQJWK/≥35 sm
for zf≤2 and /≥40 sm for zf≥3 were selected.
7KHPXOWLQXFOHRQIUDJPHQWVVSHFWUDE\;IRUJLYHQIUDJPHQWVFKDUJH
DUHZHOOGHSLFWHGE\VXPRIJDXVVGLVWULEXWLRQVFRUUHVSRQGLQJWRHDFKLVR
WRSH%XWWKHSURWRQVSHFWUXPSDUWIRURQHFKDUJHSDUWLFOHVZHPDQDJHGWR
GHVFULEHZHOO E\ VXPRI WZR JDXVV IXQFWLRQVZLWKGLVWLQFW JDXVV GLVWULEX
WLRQVZLGWKZKHQUHVWULFWLQJHMHFWLRQDQJOHθGHJUHH6XFKDUHVWULFWLRQ
E\HMHFWLRQDQJOHLVFRUUHVSRQGLQJWRSURWRQVZLWKDWUDQVYHUVHPRPHQWXP
≤0H9F7KHGLVWULEXWLRQRIRQHFKDUJHIUDJPHQWVVSHFWUXPZLWKVXFK
4DUHVWULFWLRQLVSUHVHQWHGLQILJDQGREWDLQHGSDUWVRILVRWRSHVDUHVKRZQ
LQ WDE ,Q WKHVDPH WDEOH WKH UHVXOWVREWDLQHG IRU IUDJPHQWVZLWK ]I ÷
DQG FDOFXODWHG E\ 600 GDWD ZLWK DERYHPHQWLRQHG UHVWULFWLRQ IRU RQH
FKDUJH IUDJPHQWV DUH SUHVHQWHG HLWKHU ,Q WDE∆W is an error of defining
isotopes part.
7DEOH
7KHSDUWRIWKHGLIIHUHQWLVRWRSHVIRUPHGLQWKH2SLQWHUDFWLRQV
Experiment SMM
Z A W ∆W W ∆W
1G 67.7 64.3
1 2G 22.9 0.6 24.6 0.4
3G 9.4 11.1
3G 19.8 29.0
2 4G 79.7 0.9 68.5 0.5
6G <0.5 2.5
6Li 55.1 46.1
3 7Li 32.4 2.2 36.9 1.3
8Li 12.5 17.0
7Be 56.6 55.7
4 9Be 38.3 3.0 16.4 1.2
10B 5.1 27.9
10B 48.2 42.5
5 11B 49.5 1.9 50.2 1.1
12B 2.3 7.3
10C 3.5 16.2
11C 18.2 38.4
6 12C 52.2 1.5 19.8 1.1
13C 18.8 20.1
14C 7.3 5.5
13N 9.4 8.9
7 14N 42.1 1.2 47.7 0.8
15N 48.5 43.4
14H 6.1 3.3
8 15H 66.2 1.5 93.5 0.9
16H 27.7 3.2
/HWXVVHHWDEZKHUHLQHODVWLFFURVVVHFWLRQVRIWRSRORJLFDOFKDQQHOV
RI IUDJPHQWDWLRQ DUH SUHVHQWHG 7KH FKDUJH FRPSRVLWLRQ RI IUDJPHQWV LV
SRLQWHGLQEUDFNHWVDQGFRUUHVSRQGLQJFURVVVHFWLRQV IRUH[SHULPHQWDODQG
PRGHO GDWD DUH VKRZQ EHORZ7KH =  WRSRORJ\ FRUUHVSRQGV WR FKDQQHOV
ZLWKRXWIRUPDWLRQRIPXOWLFKDUJHIUDJPHQWV,WLVVHHQIURPIURPWDEWKDW
5FURVVVHFWLRQRIWZRFKDUJHIUDJPHQWV\LHOGDFFRXQWV IRUDVLJQLILFDQWSDUW
RILQHODVWLFFURVVVHFWLRQ
,WLVLQWHUHVWLQJWRPHQWLRQDQDEVHQFHLQH[SHULPHQWDOGDWDRI 
 WRSRORJLFDOFKDQQHOVZKHUH WKH WRWDOFKDUJH LVHTXDO WR WKDWRI
LQLWLDOQXFOHXV
7DEOH
,QHODVWLFFURVVVHFWLRQVRIWKHR[\JHQQXFOHLIUDJPHQWDWLRQPE
Topology (zf=1) (2) (22) (222)
Experiment 6.43 ± 0.46 23.58 ± 0.88 36.44 ± 1.10 31.27 ± 1.02
SMM 5.19 ± 0.28 15.03 ± 0.48 19.69 ± 0.55 12 .42 ± 0.43
Topology (2222) (23) (24) (25)
Experiment 3.51 ± 0.34 11.53 ± 0.62 6.66 ± 0.47 7.45 ± 0.50
SMM 0.29 ± 0.07 13.83 ± 0.46 17.35 ± 0.51 20.02 ± 0.50
Topology (26) (223) (224) (233)
Experiment 10.14 ± 0.58 3.11 ± 0.32 0.93 ± 0.18 _
SMM 23.32 ± 0.59 3.35 ± 0.23 1.06 ± 0.13 0.05 ± 0.03
Topology (3) (33) (34) (35)
Experiment 5.29 ± 0.41 1.26 ± 0.20 0.66 ± 0.15 _
SMM 12 .49 ± 0.44 2.50 ± 0.19 2.81 ± 0.21 0.15 ± 0.06
Topology (4) (44) (5) (6)
Experiment 5.60 ± 0.43 _ 16.46 ± 0.73 54.16 ± 1.34
SMM 13.09 ± 0.45 0.71 ± 0.11 21.39 ± 0.57 47.54 ± 0.85
Topology (7) (8)
Experiment 65.35 ± 1.47 46.70 ±1.24
SMM 75.51 ± 1.01 29.16 ±0.67
,Q±FDVHVDWILQDOVWDWHWZRDQGPRUHPXOWLFKDUJH IUDJPHQWV
DUHREVHUYHGZKLFKGDWD DUH FORVH WR WKRVH FDOFXODWHG E\ 600 ±
%XWLQH[SHULPHQWWKHFURVVVHFWLRQRIREVHUYDQFHRIWZRDQGWKUHHKHOLXP
QXFOHLWZLFHDVPXFKDVWKDWSUHGLFWHGE\PRGHODQGWKLVRQHRIIRXUWZR
FKDUJHIUDJPHQWVIRUPDWLRQLVVLJQLILFDQWO\GHYLDWLQJ/HWXVSRLQWRXWDOVR
6WKDWDSUREDELOLW\RIWZRFKDUJHIUDJPHQWDFFRPSDQLQJE\KHDYLHUIUDJPHQW
LVVXEVWDQWLDOO\JUHDWHULQPRGHOWKDQLQH[SHULPHQW
)RUPDWLRQRIWKHOLJKW++++HIUDJPHQWV
,QWKLVFKDSWHUWKHUHVXOWVRIVWXG\RIPHFKDQLVPVRIOLJKWIUDJPHQWV
IRUPDWLRQZLWKPDVVHV$I≤DUHSUHVHQWHG
)RU WKH ILQDO LGHQWLILFDWLRQ WKH VHSDUDWLRQ RI WKH IUDJPHQWV ZDV
LPSOHPHQWHGE\WKHLUPRPHQWDWKHRQHFKDUJHIUDJPHQWVZLWK3 ÷
*H9FZHUHWDNHQDV+QXFOHLDQG WKRVHZLWK3!*H9FDV +QXFOHL
DQG WZRFKDUJH RQHV ZLWK 3 *H9F DV +H QXFOHL 7KH RQHFKDUJH
SRVLWLYHUHODWLYLVWLFSDUWLFOHVZLWK3*H9FZHUHUHIHUUHGWRSURWRQV
7KH HQHUJ\DQGDQJXODU IHDWXUHV KDG EHHQ VWXGLHG LQ DQWLODERUDWRU\
IUDPHLHLQSURMHFWLOHQXFOHXVUHVWV\VWHP,QWKLVIUDPHWKHNLQHWLFHQHUJ\
RIQXFOHLZLWK$ DQGGRHVQRWH[FHHG0H9)XUWKHUWKHVDPHERU
GHUZDVVHWWOHGXSIRUSURWRQVUHIHUUHGWRIUDJPHQWV,QVXFKDVHOHFWLRQZH
PLJKW QHJOHFW PL[WXUH RI pi PHVRQV DPRQJ SRVLWLYH RQHFKDUJH SDUWLFOHV
UHIHUUHGWRSURWRQV
7KHPHDQPXOWLSOLFLWLHVDQGLQFOXVLYHFURVVVHFWLRQV
,QWDEWKHPHDQPXOWLSOLFLWLHVQI!DQGLQFOXVLYHFURVVVHFWLRQVσLQ
RIWKHOLJKW+++DQG+HIUDJPHQWV\LHOGVDUHSUHVHQWHG
:HPXVWSRLQWWKDWDVLWLVVHHQIURPWDEWKHFURVVVHFWLRQVRIWKH
{PLUURU + DQG +H  QXFOHL IRUPDWLRQ LQ WKH VWDWLVWLFDO HUURUV UDQJH DUH
FRLQFLGLQJ 7KH PHDQ DVVRFLDWLYH PXOWLSOLFLWLHV RI WKH PXOWLQXFOHRQ IUDJ
PHQWV ZLWK WKH \LHOG RI WKH RQH +H RU +H QXFOHXV KDYH EHHQ DOVR
FRQVLGHUHGLQVHPLLQFOXVLYHUHDFWLRQV7KHVHGDWDDUHSUHVHQWHGLQWDE
,W LV VHHQ IURP WDE WKDW WKHPHDQPXOWLSOLFLWLHV RI WKH DVVRFLDWHG
SDUWLFOHV DSSHDUHG WR EH WKH VDPH IRU ERWK LVRGXSOLFDWHV DOVR 7KH
H[SHULPHQWDO UHVXOWV SRLQW WKDW WKH DQJXODU VSHFWUXPV DUH DOVR FRLQFLGLQJ
IRU WKHVH QXFOHL θ+H! ± σθ+H  DQG θ+! 
±σθ+ 
77KHVLPLODUHIIHFWVZHPD\SUREDEO\H[SHFWLQ UHDFWLRQVRISURMHF
WLOHQXFOHXV EUHDNXS RQ IUDJPHQWV ZLWK DQ DEVHQFH RI QXFOHL ZLWK PDVV
$I! 6XFK HYHQWV PD\ EH UHIHUUHG WR UHDFWLRQV RI R[\JHQ QXFOHXV IXOO
EUHDNXSEHFDXVH WKHUHDUHQR IUDJPHQWVZKLFKFRXOGEH IRUPHG IURPα
FOXVWHUVDPRQJWKHP7KHWRWDOFURVVVHFWLRQRIWKHVHFKDQQHOVSURYHGWREH
± 0.78 mb.
7DEOH
7KHPHDQPXOWLSOLFLWLHVQI!DQGWKHLQFOXVLYHFURVVVHFWLRQVσLQRIWKH
OLJKW+++DQG+HIUDJPHQWV\LHOGV
Fragment
Type 1G 2G 3G 3G_
<nf> 1.525±0.017 0.350± .004 0.125±0.001 0.126± .001
σ
 in , mb. 549.0 ± 6.1 126.0 ±1.4 45.0 ±0.4 45.4 ±0.4
7DEOH
7KHDVVRFLDWLYHPXOWLSOLFLWLHVRIOLJKWIUDJPHQWVLQWKHFKDQQHOVZLWKWKH
{PLUURU+DQG+HQXFOHLIRUPDWLRQ
Type of “mirror”
nucleus 3G 3G_
Particle type
2H 071 ± 0.02 0.71 ± 0.02
3H 1.0 0.29 0.01
3He 0.28 ± 0.01 1.0
4He 0.85 ± 0.03 0.86 ± 0.03
A(z≥3) 0.25 ± 0.02 0.21 ± 0.02
 ,WLVVHHQIURPWDEWKDWXSRQWKHR[\JHQQXFOHXV IXOOEUHDNXSRQ
IUDJPHQWVZLWKPDVVQXPEHU$I≤WKHPHDQPXOWLSOLFLWLHVRIWKH{PLUURU
+ DQG +H QXFOHL DSSHDUHG WR EH DV FORVH DV LQ WKH LQFOXVLYH 2S
UHDFWLRQV:KHQFRPSDULQJ WKH IHDWXUHVRI WKH IXOO EUHDNXSFKDQQHOVZLWK
WKHDEVHQFHRIWKHRQHRILVRGXSOLFDWHVZLWK$I Q+H DQGQ+ 
FKDQQHOVZHGHULYHGWKDWQRWRQO\WKHPHDQPXOWLSOLFLWLHVRI+DQG+H
QXFOHLEXWDOVR WKH UHDOL]DWLRQSUREDELOLWLHVRI WKRVHZHUH FRLQFLGLQJ7KH
8PHDQPXOWLSOLFLWLHV RI WKH +QXFOHL DUH DOVR WKH VDPH LQ WKHVH FKDQQHOV
6XFK DQ LVRWRSLF V\PPHWU\ WDNHV DOVR SODFH LQ WKH HYHQWV ZLWK \LHOGV RI
ERWK{PLUURUQXFOHLQ+≥Q+H≥
7DEOH
7KHPHDQPXOWLSOLFLWLHVRIWKHOLJKWIUDJPHQWVDQGpiPHVRQVLQWKHdiffer-
ent FKDQQHOVRIWKHR[\JHQQXFOHXVIXOOEUHDNXS
Channels
Part of
events
(%)
<n(2H)> <n(3H)> <n(3He)> <n(pi-)>
n(3He)=0 44.2  ± 3.4 1.76 ± 0.13 1.08 ± 0.08 _ 0.43 ± 0.03
Af ≤3 100 1.40 ± 0.07 0.82 ± 0.04 0.83 ± 0.04 0.50 ± 0.03
n(3H)=0 41.4 ± 3.3 1.70 ± 0.13 _ 1.11 ± 0.09 0.58 ± 0.05
n(3H)≥1
n(3He) ≥1
29.0 ± 2.7 0.84 ± 0.08 1.25 ± 0.12 1.27 ± 0.12 0.58 ± 0.05
n(3H) =0
n(3He) ≥1
28.5 ± 2.7 1.49 ± 0.14 _ 1.61 ± 0.15 0.53 ± 0.05
n(3H) ≥1
n(3He)=0
29.6 ± 2.8 1.59 ± 0.15 1.55 ± 0.14 _ 0.32 ± 0.03
,WLVDOVRVHHQIURPWKHVHGDWDWKDWWKHpiPHVRQVPHDQPXOWLSOLFLW\
LVFRQQHFWHGZLWKWKHFKDUJHRIWKHIUDJPHQWVZLWK$I ,WLVVXEVWDQWLDOO\
PRUHLQWKHHYHQWVZLWK+HIRUPDWLRQWKDQLQWKRVHZLWK+%HFDXVHWKH
SURFHVVRIWKHLQHODVWLFUHFKDUJLQJRIWKHR[\JHQQXFOHXVQHXWURQQ→Spi
LV WKHPDLQ VRXUFH RI WKH piPHVRQV IRUPDWLRQ DW WKH HQHUJLHV QHDU RI 
*H9WKHUHVLGXDOFRPSRXQGQXFOHXVLQWKHHYHQWVZLWKWKHUHODWLYHO\UDSLG
piPHVRQ IRUPDWLRQ ZLOO EH LQ DYHUDJH SURWRQ H[FHVVLYH DQG WKXV PD\
FDXVHWKHLQFUHDVLQJRIWKH+H\LHOGSUREDELOLW\
 7KHREVHUYHGEHKDYLRURILVRGXSOLFDWHVFURVVVHFWLRQVSRLQWVSUREDEO\
WKDW WKH QXFOHXV FRXORPE IRUFHV GR QRW DIIHFW VXEVWDQWLDOO\ WKH IUDJPHQW
IRUPDWLRQDQGWKHSUREDELOLW\RIVXSSOLPHQWDU\FKDUJHWUDQVIHULQJWRUHVLG
XDOH[FLWHGQXFOHXVLVYHU\VPDOO
97KH LQFOXVLYH FURVV VHFWLRQV RI WKH {PLUURU QXFOHL IRUPDWLRQ ZLWK
$  /L %H ZHUH DOVR GHILQHG 7KH\ DUH DOVR FRLQFLGLQJ ZLWKLQ WKH
VWDWLVWLFDOHUURUVσLQFO/L ±PEσLQFO%H ±PE
7KHHQHUJ\DQGDQJXODUVSHFWUXPV
/HWXVVHHWKH LQFOXVLYHDQGHQHUJ\VSHFWUDRI + + +DQG +H
IUDJPHQWV LQDQWLODERUDWRU\ IUDPH7KH LQYDULDQW VWUXFWXUDO IXQFWLRQ I7 
(GσGS RI SURWRQV YHUVXV WR WKHLU NLQHWLF HQHUJLHV 7 GHSHQGHQFH LV
SUHVHQWHGLQILJWKHUHVXOWVE\WKH600FDOFXODWLRQVDUHDOVRJLYHQWKHUH
,W LV VHHQ IURP WKH ILJXUH WKDW WKH H[SHULPHQWDO VSHFWUXP LV GLYLGHG LQWR
WZRUHJLRQVFKDUDFWHUL]HGE\WKHGLIIHUHQWVORSHV,QWKHUHJLRQZLWK7
0H9 WKH VSHFWUXP GHFUHDVHV VSHHG\ DV WKH HQHUJ\ LQFUHDVHV DQG LQ WKDW
ZLWK 7! 0H9 WKH VSHFWUXP EHFRPHV PRUH IODW DSSURDFKLQJ WR WKH
H[SRQHQWLDO RQH 7KH PRGHO FDOFXODWLRQV RQ WKH ZKROH VKRZ WKH VDPH
EHKDYLRXU+HUHZLWK LQ WKH7!0H9 UHJLRQZKHUH WKHSURGXFWVRI LQ
QXFOHDU FDVFDGH KDYH WR GRPLQDWH WKH PRGHO VDWLVIDFWRULO\ GHSLFWV WKH
H[SHULPHQWDO GDWD )LJE VKRZV LW PRUH FOHDUO\ 7KH UDWLR RI WKH
H[SHULPHQWDOLQYDULDQWVWUXFWXUDOIXQFWLRQWRWKHWKHRUHWLFDORQHLVSUHVHQWHG
LQ WKLV ILJXUH ,W LV VHHQ IURP WKLV ILJXUH WKDW WKH PRGHO GHFUHDVHV
VXEVWDQWLDOO\ WKH FURVV VHFWLRQ RI WKH ORZ HQHUJ\ SURWRQV 7KHUH DUH DOVR
GHYLDWLRQV LQ WUDQVLWLYH 7 0H9 UHJLRQ $V LQ WKH 7 0H9
NLQHPDWLFDOUHJLRQWKHGHFLVLYHFRQWULEXWLRQLVJLYHQE\WKH)HUPLEUHDNXS
WKH REWDLQHG UHVXOW SUREDEO\ SRLQWV WKDW WKH FRQWULEXWLRQ RI WKH
{HYDSRUDWLRQSURFHVVHVEHIRUHWKHHTXLOLEULXPVWDJHVKRXOGEHWDNHQLQWR
DFFRXQWLQWKH600PRGHO
/HW XV VHH IXUWKHU WKH H[SHULPHQWDO GDWD IRU WKH + + +H
PXOWLQXFOHRQIUDJPHQWV7KHGLVWULEXWLRQRIWKHLQYDULDQWVWUXFWXUH IXQFWLRQ
)7 LQ H[SHULPHQW DQG WKDW E\ WKH PRGHO FDOFXODWLRQV DUH JLYHQ LQ
ILJDEF$V LW LV VHHQ IURP ILJXUH WKH H[SHULPHQWDO VSHFWUD RI + +
DQG+HLQFRPSDULVRQZLWKWKRVHRISURWRQVKRZPRUHIODWVORSHEXWDOVR
DUHGLYLGHGLQWRWZRUHJLRQV7≤0H9DQG7!0H97KHPRGHOGDWD
EHKDYLRU LV GLIIHUHQW IURP WKDW RI WKH H[SHULPHQW+HUHZLWK DV LW LV VHHQ
IURP ILJ LQ WKH ORZ HQHUJ\ UHJLRQ 7≤ 0H9 WKH 600 DJUHHV
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VDWLVIDFWRULO\ZLWKWKHH[SHULPHQW$VWRWKHUDSLG IUDJPHQWV 7!0H9
WKHUH DUH GHYLDWLRQV EHWZHHQPRGHO DQG H[SHULPHQWZKLFK DPSOLI\ DV WKH
NLQHWLF HQHUJ\ LQFUHDVHV 7KLV IDFW SUREDEO\ PD\ EH FRQQHFWHG ZLWK WKH
SUHVHQFHRI WKH VXSSOHPHQWDU\SURFHVVHVRI WKH UDSLG IUDJPHQWV IRUPDWLRQ
QRW FRXQWHG LQ WKHPRGHO ,Q WKLV NLQHPDWLFDO UHJLRQ DV LW LV NQRZQ WKH
FRDOHVFHQFHSURFHVVRIWKHFDVFDGHQXFOHRQVZLWKWKHOLWWOHUHODWLYHPRPHQWD
PD\EHVXFKDVXSSOHPHQWDU\PHFKDQLVP[]
$VLWLVNQRZQWKHFURVVVHFWLRQRI IUDJPHQWVIRUPDWLRQZLWKPDVV
QXPEHU$ILVH[SUHVVHGE\QHJOHFWLQJRIERWKSURWRQDQGQHXWURQVSHFWUXPV
GLIIHUHQFHWKURXJKWKHSURWRQV\LHOGFURVVVHFWLRQDVIROORZLQJ
($Gσ$GS$ &$(SGσSGSS$
:KHUH3SSURWRQPRPHQWXP3$ $I3S&$FRHIILFLHQWRIFRDOHVFHQFH[]
7KHH[LVWLQJGDWD[]SRLQWWKDW&$GHSHQGVVOLJKWO\RQWKHWDUJHWPDVVDQG
GRHVQRWGHSHQGRQERWKSURMHFWLOHHQHUJ\DQGIUDJPHQWHMHFWLRQDQJOH7KH
UHVXOWV RI WKH FRUUHVSRQGLQJ FDOFXODWLRQV DUH VKRZQ E\ WKH VROLG OLQHV LQ
ILJ KHUHZLWK WKH SURWRQ VSHFWUXP ZDV XVHG IURP RXU H[SHULPHQW &$
FRHIILFLHQW ZDV EHLQJ GHILQHG E\ WKH H[WUDSRODWLRQ WR WKH FRUUHVSRQGLQJ
H[SHULPHQWDOGDWDLQWKH7≥0H9UHJLRQ,WLVVHHQ IURPILJ WKDW WKH
OLJKW IUDJPHQWV VSHFWUXPV DUH LQ DFFRUGDQFH ZLWK WKH FRDOHVFHQFH PRGHO
SUHGLFWLRQVLQWKH7!0H9UHJLRQ&RPSDULQJWKHH[SHULPHQWDOVSHFWUXPV
RI WKH + + +H IUDJPHQWV ZLWK WKRVH RI ERWK 600 DQG FRDOHVFHQFH
PRGHOVZHPD\SUREDEO\PDNHFRQFOXVLRQ WKDW WKHUH DUH FRQWULEXWLRQVRI
WZROLJKWQXFOHLIRUPDWLRQPHFKDQLVPVDWOHDVW2QHRIWKHPLVWKHSURFHVV
RI UHVLGXDO WKHUPDO QXFOHXV )HUPLEUHDNXS 7KH RWKHU LV WKH FRDOHVFHQFH
SURFHVVRIWKHUDSLGQXFOHRQVIRUPHGDWLQQXFOHDUFDVFDGH
$V LWZDVPHQWLRQHGDERYH WKHGDWDRI WKLV H[SHULPHQW SRLQW WKDW
WKHSK\VLFDO FRQGLWLRQV RI WKHPLUURU +DQG +H QXFOHL IRUPDWLRQ LQ WKH
SURWRQLQWHUDFWLRQVZLWKWKHGRXEOHPDJLF2R[\JHQQXFOHXVDUHWKHVDPH
%HVLGHV WKH LQFOXVLYH FURVV VHFWLRQV WKH DQJXODU VSHFWUD WKH PHDQ
PXOWLSOLFLWLHVRIWKHDVVRFLDWHG+QXFOHLDQG+HRQHVDUHDOVRFRLQFLGLQJ
7KH LGHQWLW\ RI WKH LQYDULDQW FURVV VHFWLRQV GLVWULEXWLRQV RI WKH {PLUURU
QXFOHLZLWK$ DVLWLVVHHQIURPILJFRQILUPVWKLVLQIHUHQFH
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/HWXVVHHWKHDQJXODUGLVWULEXWLRQVRI WKH OLWWOHHQHUJ\70H9
SHUQXFOHRQ++++HIUDJPHQWVZKLFKDUHSUHVHQWHGLQILJWDNLQJ
LQWRDFFRXQWWKHLGHQWLW\RIWKHDQJXODUIHDWXUHVRI+DQG +HQXFOHLZH
DVVRFLDWHGZLWKFRUUHVSRQGLQJGDWDLQILJ7KHVHGLVWULEXWLRQV LQZKROH
DUHQRWLVRWURSLFDQGKDYHWKHOLWWOHDV\PPHWU\WRIRUZDUGGLUHFWLRQ,QWKH
VDPH SODFH WKH UHVXOWV RI WKH 600 FDOFXODWLRQV DUH SUHVHQWHG WKH VROLG
OLQHV 7KH FDOFXODWHG GDWD DUH H[WUDSRODWHG WR WKH IUDJPHQWV QXPEHU LQ
H[SHULPHQW ,W LV VHHQ WKDW PRGHO GHSLFWV QRW EDGO\ WKH H[SHULPHQWDO
DQJXODU GLVWULEXWLRQV RQO\ IRU SURWRQV 7KH GDWD IRU + + +H GLIIHU LQ
H[SHULPHQWIURPWKRVHSUHGLFWHGE\600$VLWLVVHHQIURPILJWKHUHLV
DQ H[SOLFLW WUHQG RI FURVV VHFWLRQ LQFUHDVLQJ DW WKHPLQLPDO DQGPD[LPDO
HMHFWLRQ DQJOHV RI WKH WZR DQG WKUHHQXFOHRQ IUDJPHQWV DQJXODU
GHSHQGHQFHV LQ FRPSDULVRQZLWK WKHPRGHO GDWD $V LW LV NQRZQ LWPD\
SRLQWWRWKHH[LVWHQFHRIWKHDQJXODUPRPHQWXPRIWKHIUDJPHQWLQJUHVLGXDO
QXFOHXV[]
)RUPDWLRQRIWKHKHOLXPQXFOHL
7KHLVRWRSLFFRPSRVLWLRQRIWKHWZRFKDUJHIUDJPHQWV
/HW XV VHH WKH LVRWRSH FRPSRVLWLRQ RI WZRFKDUJH IUDJPHQWV LQ
GLIIHUHQW WRSRORJLFDO FKDQQHOV VHH WDEOH  )UDJPHQWV ZLWK S
*H9FZHUHWDNHQDV+HQXFOHLDQGWKRVHZLWKS!*H9FDV+HRQHV
7KHSUHVHQWHGGDWDDOORZXVWRPHQWLRQWKHIROORZLQJVLQJXODULWLHVRI
WKHKHOLXPQXFOHLIRUPDWLRQ
D 0RGHO LQFUHDVHV VXEVWDQWLDOO\ WKH SUREDELOLW\ RI +H QXFOHXV
IRUPDWLRQDQGOHVVHQVWKDWRI+HRQH
E3UREDELOLW\RI +HαSDUWLFOHVQXFOHL \LHOG LQ WKHFKDQQHOVZLWK
RQO\WZRFKDUJHIUDJPHQWVIRUPDWLRQLQFUHDVHVDVWKHLUQXPEHUDULVHV7KH
VDPH LV DOVR REVHUYHG LQ WKH WRSRORJLFDO FKDQQHOV LQ ZKLFK DORQJ ZLWK
KHOLXPQXFOHXVWKHWZRRUIRXUFKDUJHIUDJPHQWVDUHIRUPHG
F+HKHDY\LVRWRSHRIKHOLXPQXFOHXVLVREVHUYHGRQO\LQDQG
WRSRORJLHVWKHGHWDLOHGDQDO\VLVRI+HIRUPDWLRQLVSUHVHQWHGEHORZ
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7DEOH
7KH\LHOGVRIWKHKHOLXPLVRWRSHVLQWKHIUDJPHQWDWLRQFKDQQHOV
Part. W(3He) W(4He) W(6He) ∆W W(3He) W(4He) W(6He) ∆W
Topol. Experiment SMM
(2) 28.9 69.6 1.5 2.2 28.7 58.9 12.4 1.9
(22) 21.9 77.4 0.7 1.1 30.8 65.9 3.3 1.0
(222) 15.2 84.8 _ 0.8 22.7 76.5 0.8 0.9
(2222) 13.7 86.3 _ 1.9 55.3 44.7 _ 5.7
(23) 19.5 80.5 _ 2.7 38.3 57.4 4.3 1.8
(223) 11.8 88.2 _ 2.7 21.3 78.7 _ 1.9
(224) 13.9 86.1 _ 5.4 52.9 47.1 _ 4.2
(24) 17.7 82.3 _ 3.1 33.1 65.4 1.5 1.4
(25) 21.0 79.0 _ 3.3 23.0 77.0 _ 1.2
(26) 15.80 84.2 _ 2.5 30.6 69.4 _ 4.0
)RUPDWLRQRI+HQXFOHL
,Q GHSHQGHQFH RI WKH H[FLWDWLRQ H[WHQW WKH IUDJPHQWDWLRQ SURFHVV
PD\SURFHHGYLDVKRUWOLYHGXQVWDEOHIUDJPHQWVIRUPDWLRQRUWKDWRIH[FLWHG
UHVRQDQFHVWDWHVRIWKHLQLWLDOQXFOHXV ,QFRQQHFWLRQZLWKLW WKHVHDUFKRI
WKH LQWHUPHGLDWH VWDWHV RI WKH PXOWLQXFOHRQ V\VWHPV IUDJPHQWLQJ RQ α
SDUWLFOHVZDVFRQGXFWHG
/HW XV VHH WKH DQJXODU GLVWULEXWLRQ RI αSDUWLFOHV E\ DOO SRVVLEOH
WRSRORJLHVRIWKHLUIRUPDWLRQZKLFKLVSUHVHQWHGLQILJ/HWXVPDUNWKDW
WKHPD[LPXP ORFDWLRQ LV QRW FKDQJHGZLWK WKH WRSRORJ\ EXW GLVWULEXWLRQ
ZLGWKGHSHQGVRQWKHH[WHQWRIWKHQXFOHXVGHFD\DW∑=I≥LWLVWLPHV
DV WLJKW DV DW ∑=I 7KH PD[LPDO YDOXH RI GLVWULEXWLRQV DQG WKH PHDQ
HMHFWLRQDQJOHRIαSDUWLFOHVE\WKHPRGHOLVVOLJKWO\PRUH<θ>H[S ±
DQG<θ>VPP ±
/HW XV REVHUYH WKH DQJXODU FRUUHODWLRQV EHWZHHQ αSDUWLFOHV ZKLFK
PD\JLYHVRPHLQIRUPDWLRQRIWKHLUIRUPDWLRQPHFKDQLVPV7KHGLVWULEXWLRQ
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E\ WKH DQJOHV EHWZHHQ αSDUWLFOHV LV SUHVHQWHG LQ ILJ WKH VROLG
K\VWRJUDPP 7KH VXEVWDQWLDO VLQJXODULW\ RI WKLV VSHFWUXP LV WKH LUUHJXODU
VWUXFWXUH LH H[LVWHQFHRI WZRSHDNV RQH RI WKHP LV DEVHQW LQ WKH EDFN
JURXQG GLVWULEXWLRQ WKH VROLG FXUYH 7KH EDFNJURXQG ZDV REWDLQHG IRU
UDQGRPHYHQWVPDGHXSE\PL[WXUHRIαSDUWLFOHVIURPGLIIHUHQWHYHQWVE\
WDNLQJLQWRDFFRXQWRIWKHLUPXOWLSOLFLWLHV7KHH[WUDSRODWLRQRIEDFNJURXQG
DQGH[SHULPHQWDOGLVWULEXWLRQVLVIXOILOOHGLQWKHθαα!UHJLRQZKHUHDVLWLV
VHHQIURPILJLVREVHUYHGWKHJRRGDJUHHPHQW
,W PXVW EH SRLQWHG WKDW VXFK D VWUXFWXUH LV DEVHQW LQ DQJXODU
GLVWULEXWLRQVEHWZHHQαSDUWLFOHVDQGIUDJPHQWVLHWKHUHLVQhWSHDNDWWKH
DQJOHVQHDUWR]HURGHJUHH
7KH WLJKW SHDN DW WKH PLQLPDO UHODWLYH DQJOHV KDV D σθαα
ZLGWKZKLFKOLHVZLWKLQWKHθααPHDVXUHPHQWHUURUDQGWKHUHIRUHWKH WUXH
ZLGWK RI WKLV SHDN LV OHVV WKDQ DERYH PHQWLRQHG YDOXH ,WhV QDWXUDO WR
DVVXPH WKDW LI WKHUH LV D FRUUHODWHG \LHOG RI WKH SDLU RIαSDUWLFOHV WKHQ
WKHLUUHODWLYHPRPHQWDZLOOEHOLWWOH7KHPRVWSUREDEOHSURFHVVFDXVLQJWKH
IRUPDWLRQRIVXFKSDLUVPD\EHWKHGHFD\RIWKHVOLJKWO\H[FLWHGV\VWHPRQ
WZR +H IRU H[DPSOH WKDW RI WKH XQVWDEOH %H QXFOHXV 6WHSSLQJ RI WKH
H[WUHPHYDOXHRI WKHDQJOHEHWZHHQ WKHFRUUHODWHGαSDUWLFOHVDWθαα 
RQH PD\ HVWLPDWH WKH PD[LPDO HMHFWHG HQHUJ\( RI WKH VOLJKWO\ H[FLWHG
V\VWHP GHFD\ ,WhV REYLRXV WKDW WKH θαα ZLOO KDYH WKH PD[LPDO YDOXH LQ
ODERUDWRU\ IUDPH LI GHFD\LQJ αSDUWLFOHV LQ WKHLU FHQWHU PDVV V\VWHP DUH
HMHFWLQJ WUDQVYHUVHO\ WR WKH GHFD\LQJ V\VWHP PRYHPHQW GLUHFWLRQ 7KHQ
( 3⊥0αZKHUH3⊥ FDQEHGHWHUPLQHG WKURXJK WKH H[WUHPHDQJOHθαα 
DQGWKHPHDQYDOXHRIαSDUWLFOHPRPHQWXP<3α>LQODERUDWRU\IUDPH
 3⊥≈<3α>VLQθαα 0H9F
7KHREWDLQHGIURPVXFKDPHWKRGYDOXH( 0H9LVWKHQHDUHVW
WRWKHIXOONLQHWLFHQHUJ\WUDQVIHUUHG WRαSDUWLFOHV IRUPHGDWGHFD\LQJRI
WKHXQVWDEOH%HQXFOHXVLQLWVJURXQGVWDWHZKLFKHTXDOVWR0H9
7KH RWKHU VWDWHV RI %H QXFOHXV VXFK DV ILUVW  DQG VHFRQG  RQHV
KDYH KLJKHU H[FLWDWLRQ HQHUJLHV  DQG  0H9 UHVSHFWLYHO\ ZLWK
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UHVSHFW WR WKDWRI WKHJURXQGVWDWHDQGFDQhW FDXVH WKH DSSHDUDQFHRI WKH
WLJKWDQJXODUFRUUHODWLRQVEHWZHHQIRUPHGαSDUWLFOHV[]
7KH XQVWDEOH % QXFOHXV ZLWK (  0H9 HQHUJ\ UHOHDVH LQ LWV
JURXQGVWDWHPD\EHHLWKHUWKHSRVVLEOHVRXUFHRIIRUPDWLRQRIWKHSDLURIα
SDUWLFOHV ZLWK WKH UHODWLYHO\ VPDOO HMHFWLRQ DQJOH $FWXDOO\ E\ 600 LQ
ZKLFKWKH IRUPDWLRQRIWKHXQVWDEOHIUDJPHQWVGHFD\LQJRQWKHαSDUWLFOHV
%H→αα DQG %→ααS LV WDNLQJ LQWR DFFRXQW DV LW LV VHHQ IURP
ILJWKH GDVKHG K\VWRJUDPPZLWK UHODWLYH VFDOH WKHUH DUH DOVR WKH WLJKW
FRUUHODWLRQVDW WKH VDPHDQJOHYDOXHV DV LQ WKH H[SHULPHQW:HPXVWSRLQW
WKDWWKHWLJKWFRUUHODWLRQVLQ\LHOGRIWZRαSDUWLFOHVDQGSURWRQH[SHFWHG
LQFDVHRIDQXQVWDEOH%QXFOHXVIRUPDWLRQDUHQhWGHULYHG
6RZHPD\FRQFOXGHWKDWWKHREVHUYHGWLJKWFRUUHODWLRQVDUHPDLQO\
FDXVHGE\WKHLQWHUPHGLDWHXQVWDEOH%HQXFOHXVGHFD\LQLWVJURXQGVWDWH
$QH[FHVVRIWKHH[SHULPHQWDOVSHFWUXPRYHUWKHEDFNJURXQGLQθαα
 ÷DQJXODUUDQJHPD\EHH[SODLQHGE\WKHαSDUWLFOHVIRUPDWLRQYLD
WKHILUVWH[FLWHG%HQXFOHXVVWDWHGHFD\
:HPXVWSRLQWWKDWREVHUYHGSDLUFRUUHODWLRQVLQαSDUWLFOHV\LHOGLQ
VPDOOUHODWLYHDQJOHVPD\EHSDUWO\FDXVHGE\HIIHFWVRIVLPLODULW\DQGILQDO
VWDWHLQWHUDFWLRQV[]
7KH XQVWDEOH QXFOHL VXFK DV +H DQG /L IRUPHG DW WKH R[\JHQ
QXFOHXVIUDJPHQWDWLRQSURFHVVLQLWVJURXQGDQGH[FLWHGVWDWHVPD\EHWKH
VXSSOHPHQWDU\VRXUFHRIαSDUWLFOHVIRUPDWLRQ$OWKRXJKWKHELQGLQJHQHUJ\
RIWKHVHQXFOHLH[FHHGVRI0H9QXFOHRQZHVKRZHGWKDWLWZDVVXIILFLHQW
IRUWKHGHFD\E\WKHFKDQQHOVHLWKHUZLWKWZRαSDUWLFOHVIRUPDWLRQLQFDVH
RI %H RU αSDUWLFOH DQG RQH QXFOHRQ LQ WKDW RI /L QXFOHL 7KH SUHVHQW
H[SHULPHQWDOGDWD[]DOORZHGXV WRHVWLPDWH WKHFURVVVHFWLRQRIDQ /L
XQVWDEOHLVRWRSHIRUPDWLRQ7KHFRUUHVSRQGLQJUHVXOWVDUHSUHVHQWHGEHORZ
$V /LQXFOHXVGHFD\VRQαSDUWLFOHDQGSURWRQ LQ LWV JURXQGDQGH[FLWHG
VWDWHV WKH VHDUFK RI IRUPDWLRQ RI WKDW RQH KDV EHHQ SHUIRUPHG E\ WKH
FRUUHODWLRQDQDO\VLVRILWVGHFD\SURGXFWV\LHOG
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7KHHYHQWVKDYLQJDWOHDVWRQH+HQXFOHXVDQGSURWRQZHUHVHOHFWHG
IURP WRWDO VWDWLVWLF IRU IXUWKHU DQDO\VLV ,W LV LPSRVVLEOH WKH LQGLYLGXDO
LGHQWLILFDWLRQ RI WKH /L→αS GHFD\ FKDQQHOV EHFDXVH WKH QXFOHXV
IUDJPHQWVKDYHPDLQO\UHVWULFWHGWUDQVIHUUHGWUDQVYHUVHPRPHQWXPDQGWKH
OLWWOHHMHFWLRQDQJOHLQODERUDWRU\IUDPHUHVSHFWLYHO\7KHUHIRUHWKH\LHOGRI
/L QXFOHL KDV EHHQ VWXGLHG E\ FRPSDULVRQ RI WKH DQJXODU GLVWULEXWLRQV
EHWZHHQαSDUWLFOHDQGSURWRQΘαSZLWKWKHEDFNJURXQGRQHREWDLQHGE\
WDNLQJLQWRDFFRXQWWKHVHSDUDWHWRSRORJLFDOFKDQQHOVSDUW7KHEDFNJURXQG
GLVWULEXWLRQZDVEXLOWXSIRUWKHUDQGRPHYHQWVPDGHXSRIαSDUWLFOHIURP
RQH HYHQW DQG SURWRQ IURP DQRWKHU 7KH H[SOLFLWO\ NLQHPDWLFDO HIIHFWV
FDXVLQJ WKHD]LPXWKDODQJXODUFRUUHODWLRQV DUHSRVVLEOH GXULQJ WKH UHVLGXDO
H[FLWHGQXFOHXVGHFD\3UHOLPLQDU\ WKH WUDQVYHUVH SURMHFWLRQV RIαSDUWLFOH
DQGSURWRQPRPHQWDZHUHGHILQHGYHUVXVWRWKHWRWDOWUDQVYHUVHPRPHQWXP
RIIUDJPHQWVLQHDFKH[SHULPHQWDOHYHQW
7KH REWDLQHG UHVXOWV DUH SUHVHQWHG LQ ILJ 7KH EDFNJURXQG
GLVWULEXWLRQVROLGFXUYHZDVQRUPDOL]HGRQDQXPEHURIHYHQWVDWΘαS!
DQJOHV,WhVVHHQWKDWEDFNJURXQGGHSLFWVZHOOWKHH[SHULPHQWDWJUHDWDQJOHV
WKHGDUNFLUFOHVEXWLWKDVVXEVWDQWLDOH[FHVVRIWKHH[SHULPHQWDOVSHFWUXP
RYHUWKHEDFNJURXQGRQHLHZKHUHαSFRUUHODWLRQVDUHH[SHFWHGLQFDVHRI
/LIRUPDWLRQLQLWVPDLQVWDWH$FWXDOO\WKHDYHUDJHHQHUJ\(≈0H9
LV UHOHDVHG DW WKH /L→αS QXFOHXV GHFD\ LQ LWV PDLQ VWDWH ,Q WKH UHVW
IUDPHRI/LQXFOHXVWKHSURGXFWVPRPHQWDZLOOHTXDOWR0H9F
,WhV REYLRXV WKDW WKH PD[LPDO DQJOH ΘαS EHWZHHQ αSDUWLFOH DQG
SURWRQ LV UHDOL]HG LQ ODERUDWRU\ IUDPH RQO\ ZKHQ WKH\ DUH HMHFWHG
WUDQVYHUVHO\WRWKH/LPRYHPHQWGLUHFWLRQLQLWVUHVWIUDPH7KLVDQJOHLV
ΘαS≈
7KH/LQXFOHLIRUPDWLRQFURVVVHFWLRQDSSHDUHGWREHσ/L ±
PE WKDW GLGQhW GLIIHU VWURQJO\ LQ WKH H[FLWDWLRQ IXQFWLRQ YDOXH REWDLQHG
SUHYLRXVO\E\XVIRUWKHVWDEOHLVRWRSHV
σ/L ±PEDQGσ/L ±PE[]
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6XFK D VXEVWDQWLDO \LHOG RI DQ XQVWDEOH /L QXFOHXV PD\ EH WKH
LPSRUWDQW DUJXPHQW WR WKH IDYRU RI LWV IRUPDWLRQ PHFKDQLVP WKURXJK WKH
IRUPLQJRIILQLWHPXOWLQXFOHRQSURGXFWVLQαFOXVWHUIUDJPHQWDWLRQRILQLWLDO
R[\JHQQXFOHXV
)RUPDWLRQRI+HQXFOHL
HYHQWVZLWKRQH WZRFKDUJH IUDJPHQW LQHDFKZLWKPDVVQXPEHU
$I DQG WKHPRPHQWXPJUHDWHU WKDQ*H9FZHUH IRXQG7KHPHDQ
YDOXH RI VXFK IUDJPHQWVPRPHQWXP HTXDOHG WR ± *H9F LV LQ D
JRRGDJUHHPHQWZLWKWKHH[SHFWHGWKDWRI+HQXFOHXV7KHFURVVVHFWLRQRI
WKLVKHDY\KHOLXPQXFOHXVLVRWRSH\LHOGSURYHGWREH±PE
/HW XV VHH WKH FRUUHODWLRQV RI IUDJPHQWV DQG SDUWLFOHV IRUPDWLRQ LQ
WKHWRSRORJLFDOFKDQQHOVZLWKWKH+HQXFOHXV\LHOG7KHIUDJPHQWVZLWKWKH
FKDUJHVWKUHHDQGPRUHDUHDEVHQWLQWKHVHFKDQQHOVEXWRQHVXSSOHPHQWDU\
WZRFKDUJHSDUWLFOHVL[RIZKLFKDUH+HQXFOHLSUHVHQWVLQVHYHQHYHQWV
7KHPHDQYDOXHVRI WKH HMHFWLRQ DQJOHθ!DQG WUDQVYHUVHPRPHQ
WXP3⊥!RIWKHKHOLXPQXFOHXV LVRWRSHV LQ WKH WRSRORJLFDOFKDQQHOVZLWK
WKHQXPEHURIWZRFKDUJHSDUWLFOHVQ=I  DQGDUHSUHVHQWHGLQWDE
7DEOH
7KHPHDQYDOXHVRIWKHHMHFWLRQDQJOHθ!DQGWKHWUDQVYHUVDOPRPHQWXP
3⊥!RIWKHKHOLXPQXFOHLLVRWRSHVLQWKHWRSRORJLFDOFKDQQHOVZLWKWKH
WZRFKDUJHQXFOHLQXPEHUQ=I  DQG
Type of
fragment
<θ>, in angu-
lar minutes
P⊥
 
,
MeV/c
3G_ 84 ± 2 234 ± 7
4G_ 49 ± 1 185 ± 3
6G_ 52± 8 296 ± 45
6Li 44 ± 2 260 ± 16
,QWKHVDPHSODFHWKRVHYDOXHVRI+HQXFOHXVDUHSUHVHQWHGIRUFRPSDULVRQ
HLWKHU$V LW LV VHHQ IURP WDEOH θ! YDOXH RI +H QXFOHXV LVQhW GLIIHUHG
ZLWKLQ WKH HUURUV ZLWK WKRVH RI +H DQG /L RQHV ,W PD\ SRLQW WKDW WKH
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{FRDOHVFHQFH RI αFOXVWHU ZLWK WZR QHXWURQV GXULQJ WKH IUDJPHQWDWLRQ
SURFHVV RI WKH H[FLWHG QXFOHXV PLJKW EH WKH SRVVLEOH PHFKDQLVP RI WKH
IRUPDWLRQRIQXFOHLZLWKPDVVQXPEHU$I 
%UHDNXSRQPXOWLQXFOHRQIUDJPHQWV
/HWXVVHHWKHUHODWLYLVWLFR[\JHQQXFOHLEUHDNXSFKDQQHOVRQWZRDQG
PRUHPXOWLQXFOHRQIUDJPHQWVZLWKDWRWDOQXFOHRQQXPEHUΣ$I 
7KH GDWD RQ FURVV VHFWLRQV RI WKH R[\JHQ QXFOHXV FRUUHVSRQGLQJ
IUDJPHQWDWLRQ FKDQQHOV DUH SUHVHQWHG LQ WDE 7KH FRUUHVSRQGLQJ GDWD RI
600DUHVKRZQLQWKHVDPHWDEOHHLWKHU/HWXVUHPLQGWKDWIRUPDWLRQRI
WKHXQVWDEOH LQWHUPHGLDWH %DQG %H KDV EHHQ WDNLQJ LQWR DFFRXQW LQ WKH
XVHGYHUVLRQRIWKHPRGHO,WhVVHHQIURPWDEOHWKDWWKHFKDQQHOVZLWKWKH
HYHQHYHQ QXFOHL IRUPDWLRQ GRPLQDWH DW WKH R[\JHQ QXFOHXV EUHDNXS RQ
PXOWLQXFOHRQIUDJPHQWVKHUHZLWK+HQXFOHLJLYHWKHPRVWFRQWULEXWLRQWR
WKH FURVV VHFWLRQ 7KH SDUW RI WKH PXOWLQXFOHRQ HYHQWV RXWSXW ZLWK
FRQVHUYDWLRQ RI DOO QXFOHRQV LQ WKH  DQG  WKH FKDUJHV RI
IUDJPHQWV DUH SRLQWHG RXW LQ EUDFNHWV WRSRORJLFDO FKDQQHOV DFFRXQWV IRU
DERXW/HWhVSRLQWWKDW WKHPLQLPDOH[FLWDWLRQHQHUJ\RIR[\JHQQXFOHL
LVQHHGHGRQO\ IRU IRUPDWLRQRI WKHDERYHPHQWLRQHG WRSRORJLHV DQG
0HYUHVSHFWLYHO\
7DEOH
7KHFURVVVHFWLRQVRIWKHR[\JHQQXFOHXVIUDJPHQWDWLRQ
RQWZRDQGPRUHPXOWLQXFOHRQIUDJPHQWV
Breakup Cross section, in mb
Channels Experiment SMM
12K4G_ 6.61 ± 0.66 2.49 ± 0.19
4G_ 4G_ 4G_4G_ 2.10 ± 0.38 0.015 ± 0.015
14N  2H 1.47 ± 0.29 0.62 ± 0.10
6Li 4G_ 4G_2G 0.27 ± 0.12 0.015 ± 0.015
10B 4G_ 2G 0.16 ± 0.10 0.015 ± 0.015
/HWXVVHH IXUWKHU WKHGDWDRI WKHR[\JHQQXFOHXV IUDJPHQWDWLRQRQ
PXOWLFKDUJH IUDJPHQWVZLWK WKH WRWDO FKDUJH HTXDOHG WR WKH LQLWLDO QXFOHXV
FKDUJH 6XFK EUHDNXS FKDQQHOV DUH UHDOL]HG DW WKH OLWWOH WUDQVIHUV LQ WKH
SHULSKHUDOFROOLVLRQVDQGDVWKHFRQVHTXHQFHRILWPXVWEHVHQVLWLYH WR WKH
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LQLWLDO QXFOHXV VWUXFWXUH DQG WKH VOLJKWO\ H[FLWHG IUDJPHQWLQJ QXFOHXV
PHFKDQLVPVRIQXFOHRQVFOXVWHULQJ
%HVLGHV RI PHQWLRQHG LQ WDEOH RQH FDQGLGDWH LQ HDFK &+
&++&++FKDQQHOVZDVIRXQG
7KHPDLQIHDWXUHVRIREVHUYHGWRSRORJLFDOFKDQQHOVZLWKΣ=I LH
  ZKHUHσWRSRORJLFDOFURVV VHFWLRQ LQPE1HYQXPEHU
RI HYHQWV QFK! Q! DQG QS!  WKH PHDQ PXOWLSOLFLWLHV RI RQHFKDUJH
SDUWLFOHV QHJDWLYH SLDQRV DQG SURWRQV UHVSHFWLYHO\ :+H DQG :&
SUREDELOLWLHVRIWKHHYHQHYHQKHOLXPDQGFDUERQQXFOHLLVRWRSHV\LHOG:Σ
$I  k WKH SDUW RI HYHQWV ZLWK FRQVHUYDWLRQ RI DOO SURMHFWLOH QXFOHXV
QXFOHRQVLQWKHPXOWLFKDUJHIUDJPHQWVDUHSUHVHQWHGLQWDE
$V LW LV VHHQ IURP WDE DQ LVRWRSLF FRPSRVLWLRQ RI WZRFKDUJH
IUDJPHQWVZKLFKPDLQSDUW LVαSDUWLFOHV ! SURYHG WR EH WKH VDPH
ZLWKLQWKHVWDWLVWLFDOHUURUV&RQWUDU\WRWKDWLQPRGHOWKLVFRPSRVLWLRQGH
SHQGVRQWRSRORJ\DQGWKHSDUWRI+HQXFOHLLVVLJQLILFDQWO\PRUHLQFRP
SDULVRQZLWKWKDWRIH[SHULPHQW
$QDQDO\VLVRIPRPHQWXP VSHFWUXPV RI IUDJPHQWVZLWK ]I DQG
VKRZHGWKDW
D$QDO\VLV RI IRXUFKDUJH IUDJPHQWV FRPSRVLWLRQ VKRZHG WKDW WKH\
FRQVLVWHG RI %H QXFOHL DV LQPRGHO DV LQ H[SHULPHQW &RQVHTXHQWO\ WKH
WRWDOQXPEHURIQHXWURQVFRQWDLQHGLQPXOWLFKDUJHIUDJPHQWVLVDOZD\VOHVV
WKDQWKDWLQWKHLQLWLDOSURMHFWLOHQXFOHXV
E 7KHPDLQ SDUW RI VL[FKDUJH IUDJPHQWV LV & QXFOHXV ≈
EXWLQWKHPRGHOWKHRYHUZKHOPLQJSDUWRIIRUPHGFDUERQQXFOHXVFRQVLVWV
RIOLJKWHULVRWRSHV≈
$ERYH REWDLQHG LVRWRSLF HIIHFWV PXVW EH SUREDEO\ UHIOHFWHG RQ WKH
GDWD RI RQHFKDUJH SDUWLFOHV PXOWLSOLFLW\ )RUPDWLRQ RI pi PHVRQV DW
FRQVHUYDWLRQ RI WKH LQLWLDO QXFOHXV FKDUJH LQ VHFRQGDU\ IUDJPHQWV WDNHV
SODFH PRVW SUREDEO\ LQ WKH LQHODVWLF FROOLVLRQV SURFHVVHV RI WDUJHWSURWRQ
ZLWK RQH RU VRPH RI SURMHFWLOHQXFOHXV QHXWURQV ZKLFK PXVW FDXVH WKH
GHFUHDVLQJRIWKHLUQXPEHULQREVHUYHGPXOWLFKDUJHIUDJPHQWVDVFRPSDUHG
ZLWK SURWRQV :H PD\ H[SHFW E\ WKLV FDXVH WKDW LQ  FKDQQHO
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FRQWDLQLQJ DOZD\V RQH RU PRUH QHXWURQLQVXIILFLHQW QXFOHL WKH QHJDWLYH
SLDQRVPHDQPXOWLSOLFLWLHV DQGFRQVHTXHQWO\ WKRVH RI RQHFKDUJH SDUWLFOHV
PXVWEHJUHDWHUWKDQLQRWKHUVDVLWLVREVHUYHGLQH[SHULPHQW$QH[LVWHQFH
RIVXFKDFRUUHODWLRQNLQGLVDOVRVHHQIURP600FDOFXODWHGGDWD
7DEOH
7KHFKDUDFWHULVWLFVRIWKHIUDJPHQWDWLRQFKDQQHOVZLWKΣ=I 
Topology σ, mb <nch> <n-> <np> W(4He) W(16 )
Exp. 3.44±0.34 1.26±0.10 0.13±0.07 0.77±0.05 86.5±6.5 64±11
(2222) SMM 0.29±0.07 2.26±0.25 0.63±0.13 0.26±0.15 44.7±7.6 5±5
Exp. 0.91±0.17 1.78±0.22 0.39±0.11 0.70±0.11 >85 0
(224) SMM 1.06±0.13 2.31±0.13 0.66±0.09 0.44±0.09 47.1±5.8 0
Exp. 10.15±0.6 1.25±0.05 0.13±0.01 0.77±0.05 84.4±2.5 65±6
(26) SMM 23.3±0.6 1.80±0.03 0.40±0.02 0.55±0.02 69.5±1.2 11±1
,QWZRRWKHUVLPLODUE\PDQ\IHDWXUHVDQGFKDQQHOVWKH
IUDJPHQWV IRUPDWLRQ SURFHVV WDNHV SODFHZLWK WKH LQLWLDO QXFOHXV QXFOHRQV
FRQVHUYDWLRQ LQDERXWRIHYHQWVZKHQ WKHSDUW RI VXFK RQHV DFFRXQWV
IRUDSSUR[LPDWHO\LQPRGHO,QWKLVHYHQWVWKHIUDJPHQWVFRQVLVWRQO\
HLWKHU RIαSDUWLFOHV RU RIαSDUWLFOH DQG & )RU VHSDUDWLRQ RI FKDQQHOV
ZLWK & QXFOHXV \LHOG WKH  *H9F PRPHQWXP LQWHUYDO KDV EHHQ
FKRVHQ
/HWXVVHHLQGHWDLOVWKHPRVWVWDWLVWLFDOO\SURYLGHGEUHDNXSFKDQQHO
RQPXOWLFKDUJHIUDJPHQWVWRSRORJ\
7KHFKDQQHOFURVVVHFWLRQZLWKUHVSHFWWRWKHQFKQXPEHURIRQH
FKDUJHSDUWLFOHVLVSUHVHQWHGLQWDEOH,WhVVHHQ WKDWWKHVHIUDJPHQWVDUH
DFFRPSDQLHGZLWKRQO\E\RQHSRVLWLYHSDUWLFOH\LHOGLQRYHUZKHOPLQJSDUW
RIVWXGLHGFKDQQHOKHUHZLWKWKHSURWRQVSDUWZLWK3*H9FPRPHQWXP
DFFRXQWVIRUQHDUO\
7DEOH
7KHFKDQQHOFURVVVHFWLRQZLWKUHVSHFWWRWKHQFK
QXPEHURIRQHFKDUJHSDUWLFOHV
nch1 1 3 5
σ, in mb. 8.94±0.62 1.12±0.20 0.09±0.06
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$QDO\VLV RIPRPHQWXP VSHFWUXPV VKRZHG WKDW +H DQG & QXFOHL
ZHUH IRUPHG PDLQO\ LQ HYHQWV ZLWK QFK  DQG SURWRQ \LHOG WKHLU FURVV
VHFWLRQDFFRXQWVIRU±PE7KHVHSDUDWLRQRIIUDJPHQWVE\PDVV
ZDVFRQGXFWHGZLWK UHVSHFWWRWKHLUPRPHQWXPYDOXH IUDJPHQWVZLWK] 
FKDUJH LQ 3 ÷ *H9F PRPHQWXP LQWHUYDO ZHUH UHIHUUHG WR α
SDUWLFOHDQGWKRVHZLWK] DQG3 ÷*H9FWR&QXFOHL
:HIXUWKHUREVHUYHG WKH LQWHUDFWLRQVZLWK3S*H9FDQGθS!
ZKLFKPLJKWEHUHIHUUHGWRWKHIROORZLQJUHDFWLRQ
2S→S+H&
'LVWULEXWLRQE\SURWRQDQGαSDUWLFOHD]LPXWKDODQJOHVGLIIHUHQFH∆ϕ
 ϕS ϕα LV VWURQJO\ DV\PPHWULF ZLWK VLJQLILFDQW PD[LPXP DW ∆ϕ!
ILJ$V LW LV DERXW RI D]LPXWKDO FRUUHODWLRQV LQ WKH SURWRQ DQG FDUERQ
QXFOHL\LHOGWKRVHDUHQRWPXFKH[SUHVVHG
7KHR[\JHQQXFOHXVEUHDNXSRQ+HDQG&QXFOHLRQHPD\FRQVLGHU
DVUHVXOWRI
TXDVLHODVWLFNQRFNRXWRIR[\JHQQXFOHXVαFOXVWHUE\SURWRQ
GLIIUDFWLYHH[FLWDWLRQRIR[\JHQ QXFOHXVZLWK LWV IROORZLQJ GHFD\
RQREVHUYHGIUDJPHQWV
7KH H[LVWHQFH DW KLJK HQHUJLHV RI WKLV VSHFLDO LQWHUDFWLRQ W\SH  DQ
H[FLWDWLRQRIFROOHFWLYHW\SHQXFOHXVZLWKWKHIXUWKHUEUHDNXSRQIUDJPHQWV
ZDVSUHGLFWHG WKHRUHWLFDO\ [] VHH DOVR []7KH ODWWHU SURFHVVPD\
HLWKHUSURFHHGWKURXJKWKHIRUPDWLRQRIR[\JHQQXFOHXVH[FLWHGVWDWHVZLWK
IROORZLQJHQHUJ\OHYHOV0H9DQG
JUHDWHUWKHHYHQDQGVSLQVWDWHVDUHSRLQWHGLQEUDFNHWVZLWKWKHUHVRQDQFH
VWDWHZLGWKJUHDWHURI0H9[]
7KH REWDLQHG UHVXOWV VKRZ WKDW WKH PRPHQWXP DQG DQJXODU
GLVWULEXWLRQVRISURWRQVLQWKLVHYHQWVKDYHDPD[LPXPDWWKHOLWWOH3S≈
0H9FPRPHQWXPDQGθS≈HMHFWLRQDQJOHLQODERUDWRU\IUDPHZKLFKLV
DQHYLGHQFH WKDW WKHR[\JHQQXFOHXVEUHDNXS SURFHVVRQ WZR+HDQG &
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IUDJPHQWVKDVDQiHODVWLFjGLIIUDFWLYHFKDUDFWHU,WLVDSURWRQVFDWWHULQJRQ
WKHPXOWLQXFOHRQV\VWHP
:LWKWKHWHVWDLPRIWKHVHDVVXPSWLRQVWKHFDOFXODWLRQVZHUHIXOILOOHG
LQWKHIUDPHRIIROORZLQJSKHQRPHQRORJLFDOPRGHO$QLQWHUPHGLDWHH[FLWHG
VWDWH RI LQLWLDO QXFOHXV ZDV IRUPHG DW WKH LQHODVWLF R[\JHQ VFDWWHULQJ RQ
SURWRQ0DVVRIWKLVQXFOHXVZDVGHILQHGE\PHDVXULQJNLQHPDWLFDOIHDWXUHV
RISURWRQ
02 0α& (RS(S3α&3S
ZKHUH 3α& 323S (RS WKH WRWDO HQHUJ\ RI LQLWLDO SDUWLFOHV 3R DQG 3S
PRPHQWXPYHFWRUVRISURMHFWLOHR[\JHQDQGVHFRQGDU\SURWRQUHVSHFWLYHO\
7KHGLIIHUHQFHRIWKLVPDVVDQGWKHVXPRIαDQG&PDVVHVLVDQHMHFWHG
NLQHWLFHQHUJ\RIEUHDNXS
∆( 0α&0α0&
$QH[SHULPHQWDOGLVWULEXWLRQE\∆(KDVDIRUPWREHFORVHWRWKHV\PPHWULF
RQHZLWKUHVSHFWWRWKHPHDQYDOXH∆(! ±0H9ZLWKPHDQVTXDUH
HUURU0H9
7KHFDOFXODWLRQVZHUHFRQGXFWHGZLWKDQDVVXPSWLRQWKDWWKHH[FLWHG
QXFOHXVEUHDNXSKDGEHHQRFFXUUHGZLWKDQLVRWURS\DWα&UHVWIUDPHLQ
WKHIROORZLQJFRQVHTXHQFH
• WKH NLQHWLF HQHUJLHV DQG PRPHQWD RI α DQG & IUDJPHQWV  ZHUH
FDOFXODWHGLQWKLVV\VWHP
• IUDJPHQWVHMHFWLRQDQJOHVZLWKUHVSHFWWRα&V\VWHPGLUHFWLRQDQG
D]LPXWKDORQHVZHUHLQLWLDWHGUDQGRPO\E\0RQWH&DUORPHWKRG
• WKH WUDQVIHU WR ODERUDWRU\ IUDPH ZDV FRQGXFWHG )RU WDNLQJ LQWR
DFFRXQWWKHLQIOXHQFHVRIWKHPRPHQWXPDQGDQJOHPHDVXUHPHQWVHUURUV∆3
∆α∆βHUURUVRIPRPHQWXPGHSWK DQJOH DQG IODW DQJOHPHDVXUHPHQWV
UHVSHFWLYHO\ ZHUH LQLWLDWHG UDQGRPO\ E\ QRUPDO ODZ ZLWK WKH H[SHUL
PHQWDOO\GHILQHGGLVSHUVLRQV
2EWDLQHGUHVXOWVDUHSUHVHQWHGLQILJGDVKHGDQGFURVVHGFXUYH,Q
WKHVDPHILJXUH600FDOFXODWLRQVDUHDOVRSUHVHQWHGE\GDVKHGFXUYH,WhV
VHHQWKDWFDOFXODWLRQVE\SKHQRPHQRORJLFDODQG600PRGHOVDUHWRRFORVH
22
WRHDFKRWKHUEXWWKRVHDUHGHYLDWLQJVWURQJO\RQH[SHULPHQWDOGDWDLQ∆ϕ
!UDQJH$QREVHUYHGVXEVWDQWLDOWUHQGRISURWRQDQGαSDUWLFOHHMHFWLRQ
DW RSSRVLWH VLGHV PD\ IDYRU VWURQJO\ WR WKH PHFKDQLVP RI αFOXVWHU
NQRFNLQJRXWIURPSURMHFWLOHQXFOHXV
,W LQIHUV IURP SUHVHQWHG GDWD WKDW DW R[\JHQ QXFOHXV IUDJPHQWDWLRQ
RQ WZR IUDJPHQWV ZLWK FRQVHUYDWLRQ RI DOO LQLWLDO QXFOHXV QXFOHRQV RQO\
VLQJOHFKDQQHOZLWKHYHQHYHQQXFOHLLVIXOILOOHG
&RQFOXVLRQ
7KHUHVXOWVRIWKLVSDSHUPD\EHEULHIO\IRUPXODWHGDVIROORZLQJ
&URVV VHFWLRQV RI WRSRORJLFDO FKDQQHOV KDYH EHHQ PHDVXUHG 7KH
GDWDVKRZWKDWZLWKWKHPRVWSUREDELOLW\WKHPXOWLIUDJPHQWDWLRQEUHDNXSRI
R[\JHQ QXFOHXV LV SHUIRUPHG DQG LW LVPDLQO\ZLWK KHOLXP QXFOHL \LHOGV
$ERXWSHUFHQWRIKHOLXPQXFOHLDUHα-particles.7KHQRWLFDEOHSDUWRIα-
particles is products of 5Li and 8<_ - unstable short-life QXFOHL GHFD\ 7KH
VDPHSUREDELOLWLHVRIiPLUURUj3G3G_and 7Li, 7<_ nuclei yields are observed.
,WLQIHUVIURPFRPSDULVRQRIH[SHULPHQWDOGDWDRQOLJKWIUDJPHQWV
\LHOGZLWKWKRVHRI600PRGHOWKDWEHVLGHVIHUPLEUHDNXSWKHUHDUHRWKHU
PHFKDQLVPV RI WKHLU IRUPDWLRQ iHYDSRUDWLRQj SURFHVVHV LQ \LHOGV RI VORZ
IUDJPHQWVLQR[\JHQUHVWIUDPHDQGSURFHVVHVRIFRDOHVFQFHRIFDVFDGHQX
FOHRQV UHVXOWLQJ LQ IRUPDWLRQ RI WKH VLJQLILFDQW SDUW RI KLJKHQHUJ\ IUDJ
PHQWVZLWK$ 
$WPXOWLIUDJPHQWDWLRQEUHDNXSRIR[\JHQQXFOHXVRQPXOWLQXFOHRQ
IUDJPHQWVZLWKWKHFRQVHUYDWLRQRIDOOWDUJHWQXFOHRQVEUHDNXSFKDQQHOVRQ
IRXUα-particles and two 12Kb4G_ nucleiDUHPDLQO\IXOILOOHG. The data agree
satisfactorily with the mechanism of α-cluster knocking out and the diffractive
excitation in whole.
In conclusion the authors are expressing their acknowledjements to the
JINR collective for the presented films from 1-meter hydrogen bubble chamber
and to A.S.Botvina, A.S.Iljinov, I.N.Mishustin for the performed SMM calcu-
lations.
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FIGURE CAPTIONS
Fig. 1. 
 Distribution of onechareged positive particles by value x=1/pf .
Fig. 2. 
 Invariant structural function of protons as kinetic energy function f(T)−
(a); and its relation to calculations on SMM−(b).
Fig. 3.  Distribution of invariant structural function as kinetic energy function
f(T). z − Experiment, { − SMM.
Fig. 4.  Angle distribution of light fragments in antilaboratory system.
Fig. 5.  Angle distribution of α-particles.
Fig. 6.  Distribution on angles between α-particles.
Fig. 7.  Distribution on yield angles between α-particle and proton.
Fig. 8.  Distribution on difference of protons azimutal angles and α-particles.
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